INTRODUCTION
Fluorescent tetracarboxylate chelators have been extensively used the last two decades in the determination of intracellular calcium ion concentrations [Ca 2;  ] i [1] [2] [3] . A landmark in the non-cell destructive monitoring of calcium ion levels, introduced by R. Y. Tsien and coworkers [4] [5] [6] [7] , these molecules were designed to fulfill the following requirements: a) high selectivity for the ion being studied; b) a binding constant adjusted to the mid-point of the physiological concentration range of the ion; c) an excitation and/or emission wavelength shift upon coordination of the probe with its target ion -such a shift is necessary for the use of ratio fluorescence which is used today for ion concentration calculations; d) a significant fluorescence Stokes shift to avoid the overlap of excitation and emission peaks; e) a large extinction coefficient, meaning high absorbance; f ) a large fluorescence quantum yield; g) an excitation wavelength above 400 nm to minimize 'background' fluorescence, which causes signal distortion due to the fluorescence of cellular components, tissues and biological fluids (very often, the excitation maximum needed is at the 488 nm line of the argon laser used in techniques such as flow cytometry and laserscanning microscopy); h) non-toxicity; and i) in the case of measurements of intracellular components, increased permeability to the cell membrane.
We have previously published the synthesis of a family of calcium probes [8] . These compounds, based on the framework of BAPTA, incorporated in their structure the coumarin chromophore chosen for its stability upon irradiation and its long excitation and emission wavelengths. The most popular member of this group of compounds, namely BTC ( Fig. 1) , bears a 3-benzothiazolyl coumarin moiety that causes a bathochromic shift in the fluorescence spectrum of the molecule. The dissociation constants of these indicators were in the micromolar range making them useful probes for elevated intracellular calcium concentrations. In this report we describe the design, synthesis, and spectral profiles of a series of 3-substituted iminocoumarin-type calcium indicators. The substituents chosen are the benzimidazolyl (BIIC), benzoxazolyl (BXIC), and benzothiazolyl (BTIC) chromophores. The structural and spectral characteristics of iminocoumarins are very similar to those of the corresponding coumarins. The presence though, of the imino nitrogen in place of the carbonyl oxygen has the advantages of a) the enhancement of the compounds' polarity which may increase the solubility of their tetracarboxylate form in the cytocol and b) the ability of structural expansion of the molecule via substitution of the nitrogen atom.
MATERIALS AND METHODS
Melting points were taken on a Thomas-Hoover apparatus and are uncorrected. NMR spectra were taken on an AMX500 Bruker FT-NMR spectrometer; proton chemical shifts are reported in relative to tetramethylsilane. Mass spectra were recorded on a Shimatzu ESI-MS mass spectrometer. Fluorescence spectra were recorded on an Aminco Bowman spectrofluorimeter (Spectronics Co., USA). Standard free Ca 2; concentration buffers were purchased from Molecular Probes Inc. (Eugene, OR, USA, Calcium Calibration Buffer Kit #3, C-6775).
Synthesis of BIIC tetramethyl ester
To a solution of 2-benzimidazolyl acetonitrile (54 mg, 0.34 mmol) in 4 ml dry methanol was added piperidine (290 mg, 3.40 mmol) and the solution was stirred at room temperature for 1 min. To this system was added salicylaldehyde 1 (200 mg, 0.34 mmol). The reaction was completed after 20 h stirring at room temperature. The yellow precipitate was filtered, washed with dry ether and dried in high vacuum. The product yield was 210 mg (83%), mp 145-147ЊC. ; , 752 (M;Na) ; .
Synthesis of BXIC tetramethyl ester
To a solution of 2-benzoxazolyl acetonitrile (27 mg, 0.17 mmol) in 2 ml dry methanol was added piperidine (145 mg, 1.70 mmol) and the solution was stirred at room temperature for 3 min. To this system was added salicylaldehyde 1 (100 mg, 0.317 mmol). After 20 h stirring at room temperature the yellow precipitate was filtered, washed with dry ether and dried in high vacuum. The product yield was 100 mg (84%), mp 171-173ЊC. ; , 753 (M;Na) ; .
Synthesis of BTIC tetramethyl ester
To a solution of 2-benzothiazolyl acetonitrile (30 mg, 0.17 mmol) in 2 ml dry methanol was added piperidine (145 mg, 1.70 mmol) and the solution was stirred at room temperature for 3 min. To this system was added salicylaldehyde 1 (100 mg, 0.317 mmol). After 20 h stirring at room temperature the yellow precipitate was filtered, washed with dry ether and dried in high vacuum. The product yield was 117 mg (92%), mp 189-192ЊC. 
Preparation of BIIC tetralithium salt
In a flame-dried Schlenk tube equipped with a magnetic stirrer were placed BIIC tetramethyl ester (40 mg, 0.055 mmol), anhydrous LiI (220 mg, 1.64 mmol), 2 ml 2,4,6-collidine and 2 ml dry acetonitrile. The system was heated at 85ЊC for 15 h and was then cooled to room temperature. The precipitate formed was centrifuged, the solvents were decanted and the product was suspended in acetonitrile and centrifuged repeatedly, and then dried in high vacuum to give 33 mg (91%) of pure dye. 
Preparation of BXIC tetralithium salt
In a flame-dried Schlenk tube equipped with a magnetic stirrer were placed BXIC tetramethyl ester (40 mg, 0.055 mmol), anhydrous LiI (220 mg, 1.64 mmol), 2 ml 2,4,6-collidine and 2 ml dry acetonitrile. After 17 h heating at 85ЊC the system was cooled to room temperature. The precipitate formed was centrifuged, the solvents were decanted and the product was suspended in acetonitrile containing traces of methanol, centrifuged repeatedly, and then dried in high vacuum to give 26 mg (70%) of pure dye. 
Preparation of BTIC tetralithium salt
In a flame-dried Schlenk tube equipped with a magnetic stirrer were placed BTIC tetramethyl ester (30 mg, 0.040 mmol), anhydrous LiI (215 mg, 1.61 mmol), 2 ml 2,4,6-collidine and 2 ml dry acetonitrile. After 17 h heating at 85ЊC the system was cooled to room temperature, the precipitate formed was centrifuged, the solvents were decanted and the product was suspended in acetonitrile containing traces of methanol, centrifuged repeatedly, and then dried in high vacuum to give 27 mg (98%) of pure dye. 
Preparation of indicator solutions containing adjusted Ca 2; ; concentrations
Stock solutions of the Ca 2; indicators (salt form) were prepared in nanopure water at 0.2 mM concentrations and the pH was adjusted to 7.2. A 10 l aliquot of this stock solution was then added to 2 ml samples of commercially available calcium calibration buffers to make a final indicator concentration of 1,0 M. Calcium Calibration Buffer Kit #3 contains 10 ml of zero-free Ca 2; buffer (10 mM K 2 EGTA) and 10 ml each of 10 solutions with free Ca 2; concentrations ranging from 1 M to 1 mM. The K 2 EGTA/CaEGTA buffering system is employed to provide the two lowest concentrations (1.35 M and 2.85 M). At higher concentrations (5 M and above), the Ca 2; level is not buffered and is verified using an ion-selective electrode. All solutions in the kit contain 100 mM KCl and 10 mM MOPS, pH 7.2 and are prepared in deionized water (resistance.17.9 Mohm) [9] .
RESULTS AND DISCUSSION

Chemistry
The common intermediate for the synthesis of the new probes was salicylaldehyde 1, also a key synthetic target in the synthesis of a number of tetracarboxylate dyes [6, 8, [10] [11] [12] [13] . (Fig. 2 ) Salicylaldehyde 1 is synthesized in nine steps, by a modification of the method described by Grynkiewicz et al. [6] which increased the overall yield [8] . A Knoevenagel-type reaction [14] of 1 with 2-benzimidazolyl acetonitrile, 2-benzoxazolyl acetonitrile and 2-benzothiazolyl acetonitrile in anhydrous methanol and in the presence of ten equivalents of piperidine gave respectively the BIIC, BXIC, and BTIC tetramethyl esters in 83-93% yield. Deprotection of the methyl esters appeared to be a problem since iminocoumarins are sensitive to acidic as well as basic aqueous conditions. The use of mild reagents such as LiI/2,4,6-collidine, or LiI/2,4,6-collidine : acetone 1 : 1, in atmospheric pressure or in a Schlenk tube, gave the desired material together with a side product that was identified as the corresponding coumarin analog. Use of acetonitrile as solvent furnished the products with traces of coumarin by-products, which were removed upon trituration with acetonitrile/methanol. The lithium tetracarboxylates were characterized via NMR and ESI-MS spectroscopy.
Spectral properties
The properties of the new indicators are depicted in Table 1 . The benzimidazolyl-substituted probe BIIC exhibits the lowest excitation wavelength at 469 nm, which shifts to 401 nm upon calcium binding (Fig. 3) . Substitution with the benzoxazolyl moiety results in a small bathochromic shift in excitation maxima of the free (471 nm) and the calcium-bound form (409 nm) of BXIC. The excitation maximum of the free form of BTIC, the benzothiazolyl substituted analog, is also at 471 nm (Fig. 4) whereas its bound form has a slightly higher wavelength maximum (414 nm). The only compound that exhibits a small shift at the emission wavelength maximum of the free (519 nm) and the calcium-bound form (499 nm) is BIIC. The other two analogs exhibit a 521 nm maximum in both forms. All three compounds exhibit an increase in fluorescence intensity upon calcium binding, ranging from 239% to 953%.
Ca 2; binding constants
Dissociation constant (K d ) values, calculated according to Tsien's algorithm for ratiometric dyes [6] , are in the micromolar region, with BIIC exhibiting the lowest affinity for Ca 2; (K d :27.5 M) (Fig. 5) , followed by BXIC . The K d was calculated from excitation intensity values, according to Tsien's algorithm for ratiometric dyes [6] .
Comparison of the properties of the latter compound with this of its coumarin analog BTC [8] , indicates a similar spectral profile for the two compounds and a slightly smaller K d value for BTIC most likely due to the lower electronegativity of the iminocoumarin nitrogen as compared to the carbonyl oxygen in BTC. Apparently these dyes may be added to the family of the BAPTA-type, low affinity calcium indicators, such as BTC and Fura FF [8, 9] , which can be used with excitable cells and extracellular spaces with high enough Ca 2; concentrations to saturate high affinity probes.
CONCLUSION
Three new potential intracellular calcium probes, incorporating 3-substituted iminocoumarin chromophores in their BAPTA-like structures have been synthesized and their spectral profiles have been examined. Fluorescent spectra studies indicated that these probes exhibit a clear shift in excitation wavelength maxima upon Ca 2; binding and therefore can be used as a ratiometric calcium indicators. The small but distinct shift in the emission maxima of the free and Ca 2; bound forms of BIIC might be of use in techniques such as flow cytometry where emission ratios are preferably used to excitation ones. All three dyes belong to the low affinity calcium indicators group with BTIC exhibiting a K d value comparable to this of its coumarin congener. The fact that iminocoumarins are structurally expandable via substitution of the nitrogen atom may be a valuable property for the construction of near-membrane Ca 2; indicators as well as the expansion of these chromophores to polycyclic systems. These synthetic approaches are in progress in our laboratory.
